Abstract The onset age of fracture may be useful to explore the clinical and genetic heterogeneity of fracture study. In the present study, we investigated the heritability of the onset age of wrist fracture (OAWF) in 30 female full-sib pairs. The phenotypic correlation coefficient of OAWF was 0.309 (P = 0.09) for this cohort of female sib pairs, and the narrow-sense heritability (h 2 ) was estimated to be 0.618 (P = 0.09). In addition, the h 2 derived from the variance component model implemented in SOLAR was 0.722 (P < 0.05). This study, for the very first time, suggested that OAWF is under genetic control and thus potentially helps clarify genetic heterogeneity of wrist fracture.
Introduction
Wrist fracture (WF) is one of the most common forms of osteoporotic fractures and can help predict subsequent vertebral and hip fractures (Owen et al. 1982; Earnshaw et al. 1998; Cuddihy et al. 1999) . The lifetime incidence of WF is generally about 16% in white women. Previous studies have demonstrated the relatively high heritability of WF, ranging from 25 to 54% (Deng et al. 2000; Andrew et al. 2005 ). In addition, it has been shown that family history is a strong predictor for the risk of WF (Keen et al. 1999 ). To date, linkage studies to identify susceptibility genomic regions underlying fracture per se are rare (Eisman 1999) . Although supported by a large sample size, the effect of association between candidate genes and fracture detected in some studies is merely modest, and the results are conflicting in different studies (Nevitt et al. 1991; Nevitt and Cummings 1993; Kiel et al. 1996; Huang et al. 1996; Davee et al. 1990; Bassett and Husted 1997) . The difficulties of detection and replication point to the heterogeneity of the condition, including genetic heterogeneity (Eisman 1999) as well as random environmental factors, such as the propensity to fall (Nevitt et al. 1991; Nevitt and Cummings 1993) , smoking (Kiel et al. 1996) , nutrition (Huang et al. 1996) and physical activity (Davee et al. 1990) . To decrease the influence of genetic heterogeneity and thereby facilitate the mapping of susceptibility genes of osteoporotic fracture, it is meaningful to study hidden factors potentially related to the underlying genetic heterogeneity.
Onset age has been proposed as a potential marker of genetic heterogeneity in a variety of complex disorders, including schizophrenia (Bassett and Husted 1997) , bipolar disorder (McInnis et al. 1993 ), Parkinson's disease (Bonifati et al. 1995) , breast cancer (Koifman et al. 1998) Alzheimer's disease (Tunstall et al. 2000) . For osteoporotic fracture, especially WF, several studies have incorporated onset age as a confounding factor and yielded interesting findings (Andrew et al. 2005; Michaelsson et al. 2005) , which encourage additional investigations on the onset age per se. In this study, we aimed to examine whether the onset age of wrist fracture (OAWF) is under genetic control in 30 female full-sib pairs.
Materials and methods

Subjects and measurement
The study subjects came from an expanding database being created for studies to search for genes underlying the risk of osteoporosis and obesity in the Osteoporosis Research Center (ORC) of Creighton University. The study was approved by the Creighton University Institutional Review Board and started in 1997. The sample contains a total of 4,498 subjects from 451 pedigrees. All the study subjects were Caucasians of European origin and signed informedconsent documents before entering the project. The general exclusion criterion was elaborated elsewhere (Deng et al. 2002a, b) . All subjects were asked to complete a nurseadministered questionnaire to assess the basic information, including the clinical history of WF. The response rate is very close to 100% since for those who did not complete the questionnaire the first time, we kept sending them the files until they replied. However, the WF information is still missing for those returned questionnaires with the WF column left blank. Subjects with WFs that were not due to low trauma were excluded. Finally, we selected only 30 independent female full-sib pairs with OAWF data since many subjects did not have the required information of OAWF. The mean within-pair differences (±SD) in real age and OAWF for our selected 30 female sib-pairs are 5.66 years (±0.58) and 6.49 years (±0.76), respectively. The ranges for the within-pair differences in real age and OAWF are 0-11 and 0-16 years, respectively. Genotyping DNA extraction was performed as per our previous protocol (Deng et al. 2002a, b) . Three hundred and ninetythree microsatellite markers for the 22 autosomes from the Marshfield screening set 14 were successfully genotyped by the Marshfield Center for Medical Genetics, with the genotyping missing and error rate around 0.3%. The markers have an average population heterozygosity of 0.75 and are spaced on average 8.9 cM apart. The protocol for genotyping is available at http://www.research.marshfieldclinic.org/genetics/LabMethods/-methods.html. PedCheck (O'Connell and Weeks 1998) was performed to ensure that the genotype data conform to the Mendelian inheritance pattern at all the marker loci. In addition, we used MER-LIN (Abecasis et al. 2002) to detect and correct genotyping errors of unlikely recombination (e.g., double recombination) in our sample.
Statistical analyses
Stepwise multiple linear regression analyses were conducted to assess the potential covariates for OAWF, such as height and weight. No significant confounding factors were found. Heritability is defined as the proportion of phenotypic variance attributable to genetic variance. Two specific types of heritability can be estimated. The broad-sense heritability is the ratio of total genetic variance to total phenotypic variance. The narrow-sense heritability is the ratio of additive genetic variance to the total phenotypic variance. In this study, we only analyzed the narrow-sense heritability according to the common practice. We calculated the heritability in two ways. First, we used MINITAB 13.0 (Minitab Inc, State College, PA) to calculate the narrow-sense heritability of OAWF (h 2 ) according to the following formula (Lynch and Walsh 1997) :
where r fs is the phenotypic correlation between full sibs. r 2 A is the additive genetic variance, and r 2 p is the total phenotypic variance. Cov fs is the covariance between full-sib pairs. The explanation of the formula (1) is as follows. Full sibs have both parents in common, and the mean genotypic value of a group of full sibs is then equal to the mean breeding value of the two parents, i.e., 0:5(A + A 0 ). The additive genetic covariance is therefore the variance of 0:5(A + A 0 )., which is 0:25(V A + V A 0 ) = 0:5r 2 A if the additive variance is the same in the two sexes. Assuming that variance due to dominance and the common environment is negligible in full-sib pairs, then the correlation between full sibs is r fs ¼ Cov fs
The significance of r fs was assessed by the t test (Sokal and Rohlf 1981) . Second, we adopted the variance component model implemented in Sequential Oligogenic Linkage Analysis Routines software (SOLAR) (version 2.0.3, available on http://www.sfbr.org/ solar/) to estimate the h 2 of OAWF. SOLAR uses likelihood ratio tests to evaluate heritability by comparing a purely polygenic model with a sporadic model in the case of testing heritability. Comparison of the likelihood ratio statistic value to the critical value of the chi-squared distribution with the degrees of freedom then gives the significance of the increase in likelihood. Several points need to be pointed out regarding our heritability estimate: First, it is specific to the population and environment we are analyzing; second, it is a population rather than individual parameter; finally, the heritability estimate does not indicate the degree to which a trait is genetic; it measures the proportion of the phenotypic variance that is the result of genetic factors.
Results
The basic characteristics of the 30 female sibling pairs are as follows: the mean age ± standard deviation (SD) was 66.46 ± 11.09 (years); the mean height ± SD was 159.95 ± 6.62 (cm); the mean weight ± SD was 72.92 ± 14.75 (kg); the mean OAWF ± SD was 57.40 ± 10.62 (years).
The correlation coefficient calculated by MINITAB was 0.309 (P = 0.09) for the female sibling pairs, and the h 2 was thereby 0.618 [95% confidence interval (CI), 0.515, 0.721]. The h 2 estimate derived from SOLAR was 0.722 (95% CI, 0.611, 0.833), and the h 2 estimate of OAWF by SOLAR tested to be significant (P < 0.05).
Discussion
To the best of our knowledge, this study is the very first that investigates the heritability of OAWF. Heritability estimates using both correlation coefficients and variance component methods converge to suggest the existence of genetic determination of OAWF.
Clinically, the onset age of fracture is useful in mortality rate estimations. For example, the 1st year fracturespecific mortality rate among males/females was 0.15/0.03 for hip fracture occurring before age 75. The corresponding numbers were 0.24/0.12 for hip fractures occurring at ages 75-84 and 0.41/0.13 for hip fractures occurring at age 85 or older (Bae et al. 2005) . In another study with 33,432 Swedish twins, the authors suggested genetic variation in liability to fracture differed considerably in the onset age. The onset age-adjusted heritability of any osteoporotic fracture was slightly greater than the results unadjusted by onset age (Michaelsson et al. 2005) . Incorporation the information of onset age has been proposed as an effective method in linkage study for some complex disorders. Take the linkage analyses for bipolar disorder, for example. Lin et al. (2005) incorporated onset age in linkage analyses and identified two regions of interest. Interestingly, there was little evidence of linkage in their sample until onset age information was included in the analysis. These lines of evidence demonstrated that onset age is likely the maker to demarcate subtypes of the complex disorder with distinct genetic susceptibilities. However, little effort has ever been spent on the onset age of fracture per se. Hence, our genetic study on OAWF represents an initial and important step to close the gap in this field. The detection of genetic determination of OAWF will serve as a starting point to launch numerous studies. Future investigations on fracture could take into account onset age as a covariate or test for linkage/association directly to onset age as a quantitative trait.
There are several issues to be addressed here. First, OAWF data were self-reported. The validity of such information may be degraded by recall bias. However, given WF is symptomatic and almost always requires medical treatment, the investigation of OAWF through questionnaires is still reliable and practical (Ismail et al. 2000) . Second, the result obtained by MINITAB was only borderline significant. However, the outcome produced by the variance components method was significant. This inconsistency in significance may be attributable to the small sample size and the different methods to assess significance. Additional investigations with larger sample size are required to replicate and confirm our findings. Finally, since our data consist of only full-sib pairs, our estimation of the heritability may be less accurate compared with the estimations obtained by comparing the correlation coefficient of phenotypes and/or regression coefficient between different sets of pairs including monozygotic pairs, dizygotic pairs, half sibs and those of parents and offspring. In general, Cov fs ¼ 0:5V A + 0:25V D + V EC , where V A = additive genetic variance, V D = dominant genetic variance and V EC = shared environmental factors (Falconer and Mackay 1996) . However, we do not have data sets to measure V D and V EC, so we can only assume that the V D and V EC components are negligible. Therefore, the h 2 estimate we reported here is upwardly biased and should be regarded as the upper limit of the heritability of OAWF (Falconer and Mackay 1996) . We hope to be able to recruit all types of related pairs for OAWF data in the future and then re-estimate the OAWF heritability for better accuracy.
In conclusion, our study suggested a trend that OAWF is under genetic control and further emphasized that onset age could serve as an important marker for the genetic heterogeneity of fracture.
